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Abstract
Wear and rolling contact fatigue (RCF) of rails are huge problems for the railway industry
with increased world-wide occurrence during the last decades. It is, therefore, of high
interest to develop tools for the prediction of wear and RCF which can be used to estimate
rail life.
This thesis is concerned with the numerical simulation of rail deterioration due to wear
and RCF. The main focus has been on the modeling of crack growth in rails, which has
included development of a numerical tool in terms of a 2D Finite Element (FE) model
of the rail that can be used to simulate the growth of (short and long) surface cracks in
rails. Wear is taken into account through the process of crack truncation (partial removal
of the crack). Furthermore, the change in geometry due to crack growth and wear is
considered through a remeshing procedure. In the numerical framework, the concept of
material forces is adopted from which a crack driving force can be derived. Based on this
crack driving force, numerical procedures for simulation of crack growth under monotonic,
cyclic and typical RCF loading have been developed. Different propagation laws have
been proposed and used to study crack growth in rails under various loading conditions
and crack geometry. The influence of the highly deformed (anisotropic) surface layer,
often present in railway rails, on the crack growth direction has also been studied. Results
from the numerical simulations indicate that anisotropy has a large influence on the crack
growth direction and needs thus be accounted for in order to be able to simulate the
growth of surface cracks in rails more accurately.
Furthermore, a numerical framework for simulation of rail degradation due to wear
and plastic deformations has been developed and implemented. The procedure includes
simulations of the wheel–rail dynamics using a Multi Body Simulation (MBS) software,
together with detailed FE simulations of the plastic deformations. The procedure was
applied for the calibration of a wear coefficient from experiments on a full scale wheel–rail
test rig. Quantitatively good agreement was obtained between simulations and results
from the full-scale tests in terms of worn-off area and shape of the worn profile.
Keywords: Rolling Contact Fatigue, wear, crack propagation, material forces, railway
mechanics
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Life is too serious to be taken seriously.
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Part I
Extended Summary
1 Introduction
1.1 Background – motivation for research
To understand and predict rail and wheel deterioration (including fatigue and wear) is a
key issue in railway maintenance engineering. In particular, rolling contact fatigue (RCF)
is a severe problem with increasing world-wide occurrence during the last decades (Fischer
et al. 2006; Cannon et al. 2003; Ringsberg, Loo-Morrey, et al. 2000).
Considering rails specifically, RCF is currently one of the major factors affecting
the maintainability and operational safety of the track, (Haidemenopoulos et al. 2006).
Furthermore, maintenance costs associated with rail deterioration (repairs, grinding) are
very high, (Olofsson and Lewis 2009). Considering the European Union, costs associated
with rail defects (a large portion attributed to RCF) may reach e2 billion per year
(Magel 2011). Therefore, having accurate and efficient tools for the prediction of wear
and RCF in order to estimate the rail (and wheel) life is a pre-requisite for optimization
of maintenance, planning of (re)investments, and also for the improvement of operational
conditions in order to decrease deterioration and costs. Note that, under (principally)
fixed traffic conditions statistics of the degradation history combined with empirical
knowledge may be used for the purpose of optimization but when traffic conditions change
(as they increasingly do) statistics are not enough.
Much research has been conducted on the topic of RCF; however, studies concerning
the effect of wear on RCF are more limited, see e.g. (Ringsberg and Bergkvist 2003;
Donzella 2005; Franklin et al. 2001; Kapoor et al. 2003). Wear and RCF of rails are
coupled problems but are often treated uncoupled. For example, wear will influence
the propagation rate of surface cracks through crack truncation (partial removal of the
crack). Typically this is considered by computing a net crack growth rate which is then
extrapolated in one step. This is in many cases not sufficient, especially when the crack
growth rate varies due to changes in loading etc. To gain a deeper understanding of the
complex influence wear has on RCF, the project “Wear impact on rolling contact fatigue in
rails” (MU20) was initiated within the National Centre of Excellence in Railway Mechanics
CHARMEC (CHalmers Railway MEChanics), at Chalmers University of Technology. The
work presented in this thesis has been conducted within that project. The project
focus has been on the development and use of predictive models and numerical tools for
the simulation of rail deterioration. In particular, the project included development of
strategies for effective and accurate updating of deteriorating rail profiles which can take
into account the coupling between wear and RCF.
Several previous CHARMEC projects have investigated RCF initiated crack growth
in rails, cf. MU6, MU11, MU12 and MU17 (http://www.charmec.chalmers.se/ ). The
approach towards prediction of crack growth in these projects was, in most cases, to adopt
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the concept of material forces, see for example (Bergkvist 2005; Heintz 2006; Tillberg
2010a). In particular, the aim of project MU17 was the formulation of an appropriate
crack driving force for use in general simulations of inelastic fracture processes. One of
the strongest arguments for adopting the concept of material forces, in the formulation
of a crack driving force, is that it is not restricted to (hyper)elasticity, like the classical
J -integral. Due to this fact it was deemed advantageous to adopt material forces as a
framework for crack growth also in the current project.
1.2 Scope and limitations
Research on RCF of rail components is a tremendously vast topic. Hence the specific
work carried out within one single project must be limited. Owing to this, the research
conducted within the project MU20 has mainly focused on the area of numerical simulation
of crack growth in rails. In summary, this thesis addresses the following topics:
• Propagation strategies for simple monotonic and cyclic as well as typical RCF
loading.
• Wear impact on RCF crack growth through crack truncation.
• Effect of anisotropy on RCF crack growth direction.
• Simulation of 2D rail profile evolution due to wear and plastic deformations.
Below are four major simplifications that have been considered necessary in the
conducted research, presented in this thesis, concerning the modeling of RCF crack growth
in rails.
• Simulation of 3D crack propagation is associated with a high complexity and
computational burden. By also considering that a study on RCF calls for the
simulation of a large number of load passages, for a realistic operational situation,
the crack growth simulations in this thesis have been restricted to 2D.
• The current formulation of the crack driving force, as presented in (Brouzoulis
2012b), for inelastic material behavior yields discretization dependent results for an
RCF type of loading, see Section 2.1.2. Furthermore, for many rails a state of elastic
shakedown is reached after initial hardening and wearing-in of the wheel–rail profiles.
For these reasons, the simulations of crack growth presented in the appended papers
have been limited to elastic material response.
• The wheel–rail contact interaction is generally highly complex with transient stick–
slip mechanisms etc. In this thesis the contact conditions have in most parts been
modeled using Hertzian theory which allows for the wheel load to be incorporated
in a simplified manner.
• Surface cracks in rails are often observed in regular patterns; thus, single cracks
are uncommon. Nevertheless, only the propagation of one surface crack has been
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studied in this thesis. This limitation is mainly due to the large increase in numerical
complexity associated with the propagation of multiple cracks. This approach will
neglect phenomena such as crack tip shielding. On the other hand, it still facilitates
an analysis of influencing factors on propagation of single cracks.
2 Rail deterioration
In the following, two main processes that cause rail deterioration will be described, namely
RCF and wear. Research regarding RCF and wear of rails have been conducted extensively
during recent years, (Magel 2011; Ekberg and Kabo 2005; Fletcher et al. 2008; Kapoor
et al. 2003; Donzella 2005; Suresh 1998). In Figure 2.1 schematic illustrations of rail
deterioration, caused by a combination of wear, crack propagation and plastic deformation,
are presented. As the rail is loaded by passing wheels the crack tip extends into the rail
while at the same time the crack mouth is gradually worn away (left figure). Large plastic
deformations combined with rail head wear will result in a change in the profile shape
over time (right figure).
Figure 2.1: Illustration of rail deterioration: (left) side view of the rail which shows
crack truncation due to wear, and (right) typical profile change due to wear and plastic
deformation.
2.1 RCF of rails
RCF damage initiates in the rail head which is subjected to high compressive stresses
combined with tangential stresses due traction. In the following, RCF is considered to
include crack initiation and growth as well as related inelastic (plastic) deformations. Note
that, wear is often considered to be a part of the RCF process; however, in the current
discussion it is distinguished as a separate process. Also one may distinguish between crack
face wear and railhead wear; only the latter is considered in the work carried out within
the scope of this thesis. In the literature, several terms exist for the different (surface/sub-
surface) cracks that may develop in the rail. For a detailed description of the different
types of cracks, see (Magel 2011; Olofsson and Lewis 2009; D. Stone 2004; UIC 2002).
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2.1.1 Plastic deformation
Due to the extremely high vertical and lateral forces that the rail is subjected to, stresses
will often exceed the yield limit of the rail material and thereby cause plastic deformations.
In particular at the rail surface, severe plastic deformations are often accumulated during
the cyclic loading. This phenomena, where plastic deformations are accumulated and
increased, is referred to as ratcheting and has been the subject of investigation in the
literature, see e.g. (Kapoor 1997; Johansson, Ekh, and Runesson 2005; Johansson and
Ekh 2006). These ratcheting deformations may eventually exhaust the strength of the
rail material which will then cause local failure of the material and consequently crack
initiation. This is one mechanism behind the formation of head checks (and probably other
crack types as well). Note that, in many cases the accumulation of plastic deformation
reduces over time and a state of elastic shakedown may be reached. Partly motivated by
this, the simulations of crack growth in this thesis has been restricted to elastic material
response.
It is noted, that large plastic deformations will influence the mechanical properties of
the deformed surface material and as a consequence it has been shown that the fracture
toughness of the rail surface becomes anisotropic, (Hohenwarter et al. 2011; Ekberg
and Sotkovszki 2001). In Paper E, the effect of anisotropy on crack growth direction is
investigated through the introduction of an anisotropic fatigue crack growth threshold, Gth,
in analogy to an anisotropic yield surface. Therefore in this paper, plastic deformations
can be said to be accounted for in the simulation of crack growth, although in an implicit
fashion. The adopted fatigue crack growth threshold curve, as a function of direction ϕ,
is given by
Gth(ϕ) = Gth,1 + (Gth,2 − Gth,1)(1− e−A|sin(ϕ)|) (2.1)
where Gth,1, Gth,2 are principal resistances in two perpendicular directions, and A > 0 is a
regularization parameter. For an illustration of the fatigue crack growth threshold surface
for isotropy and anisotropy, respectively, see Figure 2.2. Note that, the adopted surface
captures the experimentally observed behavior with increased resistance towards crack
growth in one direction and reduced resistance in the perpendicular direction. From the
numerical simulations presented in Paper E, it is shown that the amount of anisotropy
has a profound effect on the crack growth direction.
2.1.2 Material forces
During the last years much research has been conducted within the field of material
(configurational) forces, (Maugin 1995; Gurtin and Guidugli 1998; Denzer et al. 2003;
Menzel et al. 2004; Miehe 2007; Fagerstro¨m and Larsson 2008; Schu¨tte 2009; Tillberg
et al. 2010; Brouzoulis, Larsson, et al. 2010). By adopting the concept of material forces,
a thermodynamically consistent framework for simulation of evolving configurations is
provided (e.g. moving interfaces, growth etc.). In this context, crack propagation is
included as a special case. This research field has gained much attention due to its versatile
nature; for example, inelastic material behaviour, crack closure, crack face friction etc. can
be introduced into the structural model (FE problem) in a straightforward way without
the need to modify the propagation law.
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Figure 2.2: Example of an isotropic and an anisotropic fatigue crack growth surface.
Below is a summary of the governing equations for a generalized crack driving force
based on material forces of an inhomogeneous dissipative material, (Tillberg et al. 2010;
Menzel et al. 2004; Miehe 2007) for details. The material force G may be decomposed
into three parts (internal, volumetric and surface) in analogy with with the principal of
virtual work, i.e
G =Gint + Gvol + Gsur (2.2)
=
∫
BX
−Σ · (W ∇X) dVX +
∫
BX
WBX dVX +
∫
∂BX
WTX dSX
where Σ is the Eshelby stress tensor, defined as
Σ = ψXI − FTP (2.3)
with the strain energy ψX, identity tensor I, deformation gradient F and the first
Piola-Kirchhoff stress tensor P . Furthermore, BX is the configurational body force and
includes contributions from dissipative processes, such as plastic deformations, TX is the
configurational traction and BX is the domain of the body. Finally, W is a suitably chosen
weight function with local support (W 6= 0 close to the crack tip).
The crack driving force describes the local energy dissipation due to a motion of the
crack tip and is a vectorial quantity. It may be decomposed into one parallel component
and one component perpendicular to the crack tip, cf. Figure 2.3,
G = G‖e‖ + G⊥e⊥ (2.4)
It thus contains more information than a scalar counterpart (such as the J -integral).
Therefore, it may give information regarding both rate and growth direction of the crack.
In fact, this has been a strong argument as to why the concept of material forces should
be adopted. However as shown in Paper C, the component of the crack driving force
perpendicular to the crack tip (G⊥) is heavily path dependent in contrast to the parallel
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e⊥
G‖ = G‖e‖
G⊥ = G⊥e⊥
G
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N
ΩX
Figure 2.3: Unit base vectors, e‖ and e⊥ which are directed parallel and perpendicular to
the crack tip respectively. In addition, the corresponding components G‖ and G⊥ of the
crack driving force G is shown.
component (G‖), cf. the J -integral. This implies that the use of the perpendicular
component is an unsuitable quantity to use in numerical simulations. Also the physical
interpretation of the perpendicular component is somewhat unclear. It may represent a
kinking or curving of the crack tip.
Furthermore, the expression for the crack driving force in Equation (2.2) may produce
discretization dependent results for RCF loading. In Figure 2.4, the evolution of G‖ can
be seen over one load cycle for inelastic material behavior. Three different meshes have
been studied and the pertinent degrees of freedom (dofs) are indicated. Figure 2.4(a)
corresponds to tension–compression loading, whereas Figure 2.4(b) corresponds to RCF
loading; clearly, no convergence is obtained for this more complex load case.
2.1.3 Crack growth
The topic of crack growth in rails under various loading conditions have been studied by
several researchers during the years, see e.g. (Bogdan´ski and Brown 2002; Canadinc et al.
2008; Donzella 2005; Ringsberg 2005; Fajdiga, Ren, et al. 2007; Fajdiga and Sraml 2009).
In these references, the approach towards simulation of crack growth is fairly traditional.
Typically an exponential (Paris’) type of propagation law is used expressed in terms of
the stress intensity factors or the crack tip opening/sliding displacement.
In this thesis however, crack growth in rails is modelled based on the concept of
material forces. From this concept, different propagation laws may be proposed, in terms
of the generalized crack driving force G, and is addressed in papers Paper A, C and D.
In Paper A, a viscous propagation law was adopted and studied under monotonic and
cyclic loading. Here the crack growth rate per unit time (da/dt) is given by
d a
dt
=
1
γ
〈|G| − Gth〉e?
e? =
G
|G|
(2.5)
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Figure 2.4: Example of the evolution of the crack driving force (G‖) over one load cycle
for three different mesh discretizations. (a) corresponds to simple tension–compression
loading and (b) corresponds to RCF loading. The results correspond to inelastic material
behavior, for details see (Brouzoulis 2012b).
However, this type of propagation law is unsuitable for simulation of RCF crack growth
as the predicted crack growth rate will depend on the loading rate; therefore, a rate
independent propagation law was proposed in Paper C,
d a
dt
= a˙ =
1
γ
〈Φ˙〉e?
Φ = 〈G · e? − Gth〉
e? = arg max
e
lim
→0
G(a+ e) · e
(2.6)
As a continuation, a Paris’ type of propagation law was adopted in Paper D which
allowed for comparison with a calibrated propagation law (for rail grade R260). Here, the
crack growth per load cycle (da/dN) is given as
d a
dN
=
1
γ
(
∆Gm‖ −∆Gmth
)
e?
e? =
∫
T
G?(t)dt
|∫
T
G?(t)dt|
G?(t) = max
e
lim
→0
〈G(a(t) + e) · e − Gth〉e
(2.7)
In Equations (2.5)–(2.7), e? is the propagation direction; γ and m are material constants;
 is a small scalar value; and 〈•〉 = 12 (•+ |•|) denotes the MacCauley bracket. Equations
(2.5) and (2.6) are formulated in the time domain and are integrated over one load cycle
to obtain the growth rate per cycle (with time interval T ), whereas Equation (2.7) is
formulated in the cycle domain.
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In order to compute e? numerically, a probing procedure is often utilized to determine
the crack driving force in different directions. Here, the crack tip is extended, a small
distance ¯, in different predefined directions and the corresponding crack driving forces
for each new tip are evaluated, cf. Figure 2.5. For details on the propagation laws and
their algorithmic treatments, see the respective papers.
G1
G2
G3
¯
Figure 2.5: Example of the probing procedure where the crack tip is extended in predefined
directions (in this case three) and the corresponding crack driving forces, G, are evaluated
at each crack tip.
The evolution of the crack is traced by updating the crack geometry based on an
extrapolation of the propagation rate. To discretize the updated configuration, associated
with the propagation of the crack, a remeshing technique has been adopted. This will
reduce the bias associated with having a crack that is constrained to follow the element
boundaries. Other, more sophisticated, approaches where discontinuities (such as cracks)
can be reproduced within elements are available in literature. For example, the Extended
Finite Element Method (XFEM) (Belytschko and Black 1999) or Nitsche’s method with
overlapping elements as presented in (Hansbo and Hansbo 2004), are attractive alternatives
to remeshing.
2.1.4 RCF damage criteria
In order to predict RCF initiation different models have been proposed in the literature,
see (Ekberg and Kabo 2005) for an overview. Two categories of such models (both
expressed in terms of the global quantities acting in the contact patch) are: one based
on shakedown diagrams presented in e.g. (Ponter et al. 1985; Johnson 1985; Ekberg,
Kabo, and Andersson 2002) and Tγ-models, based on the dissipated frictional energy
in the contact, (Burstow 2004; Evans and Burstow 2006). To predict RCF, a damage
parameter which expresses probability of RCF initiation is introduced in these models.
For comparisons and extensions of these two types of models see (Dirks and Enblom
2011).
Another (qualitative) model based on the frictional energy is presented in (Pointner
2008) where a damage parameter is introduced. From this a damage map is constructed
which indicates the risk of fatigue initiation in terms of wear and tangential stresses.
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2.2 Wear of rails
Wear of rails is the root cause for a number of problems, often related to dynamic
effects caused by profile degradation, such as: poor steering, wheel-climbing phenomena,
corrugation etc, see e.g. (Olofsson and Lewis 2009) for an overview.
Concerning the modeling of wear in railway applications, Archard’s model for sliding
wear is often adopted, (Archard 1956). However, other models such as the “frictional
work”-model have been investigated in the literature, see e.g. (Enblom 2006; Johansson
2005). Archard’s model may be expressed as
w˙ = kw
pNvs
H
(2.8)
where H is the hardness of the material, pN is the contact pressure and vs is the slip
velocity. Moreover, kw is a wear coefficient usually considered to be dependent on vs and
pN, (Lewis and Olofsson 2004). This coefficient is often represented in so-called wear maps.
One example of a wear map is shown in Figure 2.6, which is reproduced from (Jendel
2002). Noteworthy are the large differences in kw, as shown by the different regions in
the map, which indicates a shift in dominating wear mechanism(s). Furthermore, there
are also large variations within the regions, which was a main motivation for the work
presented in Paper B.
k4 = 300− 400 ×10−4
vs [m/s]
0.2 0.6
p [GPa]
1
2
3
k
1
=
1
−
10
k
3
=
1
−
1
0
k
2
=
30
−
40
Figure 2.6: Example of a wear map based on laboratory tests. Reproduced from (Jendel
2002).
In Paper B a numerical procedure for the determination of Archard’s wear coefficient,
based on experimental data from a full-scale wheel–rail test rig (Stock and Pippan 2011),
is presented. The simulation model used in the procedure is able to account for both wear
and plastic deformation of the rail profile.
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2.3 Interaction between wear and RCF
Wear and RCF may be considered as parallel and competitive processes. At one hand, if
wear rates are high incipient surface cracks in the rail are worn off and wear will in this
sense have a beneficial effect. However, excessive wear may lead to a distortion of the rail
profile which affects the wheel–rail contact. This in turn may lead to further aggravated
wear and RCF. On the other hand, if wear rates are low, surface cracks may grow to a
size where corrective grinding (artificial wear) of the rail is needed in order to reduce
initiated cracks and prevent rail breaks. Finding a good balance between RCF crack
growth and (artificial wear) is crucial. For example, optimization of grinding procedures
such as preventive grinding strategies may lead to large savings in maintenance costs, see
e.g. (INNOTRACK 2009). In addition, new rails may be ground in order to obtain more
conformal contact and thus lower the contact pressure. Grinding may also be needed in
order to remove mill scale that may have formed on the rail surface.
Several researchers have studied the interaction between wear and crack growth, see
e.g. (Ringsberg and Bergkvist 2003; Donzella 2005; Stock and Pippan 2011; Franklin et al.
2001; Kapoor et al. 2003). In these references, models for the development of RCF damage
in rails under specific loading conditions (e.g. given normal and tangential load, fluid
pressurization of crack faces etc.) have been investigated; however, other models expressed
in terms of system quantities have been proposed. One such model is the Tγ-model,
mentioned in Section 2.1.4, which indirectly accounts for wear due to its dependence on
the slip developed in the contact. In that model, a damage parameter is represented
as a function of the frictional energy dissipated in the contact, i.e. tangential force T
multiplied with the creepage γ. The shape of these curves are most often idealized such
as in Figure 2.7. For calibration and application of the model see (Evans and Burstow
2006; O¨berg and Andersson 2009; Lewis and Olofsson 2004).
One drawback of the Tγ-model, however, is the requirement of calibration against
large number of experimental tests which are both time consuming and expensive. One
alternative may be to construct such damage models based on numerical simulations
rather than testing. This is the topic of Paper D, where numerically simulated Tγ-curves
are presented for various loading conditions. The damage parameter chosen, in this study,
is the net crack growth rate in the depth direction and is defined as(
d az
dN
)
net
=
d az
dN
− d w
dN
(2.9)
where the wear rate dw/dN has been subtracted from the crack propagation rate daz/dN .
In Figure 2.7, a typical simulated Tγ-curve is compared to an idealized Tγ-curve.
In the context of wear and RCF, it should also be noted that due to the large plastic
deformation of the rail surface (as mentioned in Section 2.1) the rail surface experiences a
large increase in hardness; as a consequence the wear resistance is increased (decreased
wear rate). Note also that the plastic deformations of the rail surface will influence
the crack growth resistance, (Wetscher et al. 2007). However, in this thesis the effect of
increased hardness is disregarded. Again, this can partly be motivated if a state of elastic
shakedown is considered, although residual stresses may need to be considered.
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Moreover, some of the mechanisms that cause wear may themselves be considered as a
form of RCF, for example wear by plastic ratcheting, see e.g. (Kapoor 1997; Franklin
et al. 2001; Torrance 1996) for details.
Tγ [Nm/m]
d
a
z
d
N
[n
m
/c
y
cl
e]
numerical simulation
idealized curve
Figure 2.7: Schematic example of net crack growth rate as a function of frictional work in
the contact patch. The graph compares an idealized experimental curve to an idealized
numerically simulated one. Negative values indicate that the crack will gradually be worn
away.
3 Summary of appended papers
Paper A: Strategies for planar crack propagation based on the concept
of material forces
In this paper, a computational framework for the simulation of planar crack growth
(which includes kinking) is presented. A viscous propagation law is adopted and
expressed in terms of a crack driving force derived from the concept of material
forces. The propagation law is shown to give rise to different propagation strategies
depending on the choice of time discretization and assumptions regarding regularity
of the crack driving force. In particular, three such strategies are presented: Explicit
Proportional Extension (EPE), Implicit Proportional Extension (IPE) and Maximum
Parallel Release Rate (MPRR). These strategies are evaluated under monotonic
and cyclic loading and it is concluded that the proposed strategies produce almost
identical results regarding propagation rate and direction. Furthermore, the results
are shown to be robust with respect to time discretization.
Paper B: Prediction of wear and plastic flow in rails—Test rig results,
model calibration and numerical prediction
This paper presents a numerical procedure for the simulation of rail profile evolution
in conformal contacts accounting for both wear and plastic deformations. The
procedure considers the effect of wear and plasticity in a staggered fashion. The
conformal contact is treated by applying a multi–Hertzian approach. To account for
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plastic deformations, a 2D elasto–plastic FE analysis is carried out in conjunction
with a 3D local contact analysis in the commercial finite element (FE) software
ABAQUS.
As a numerical example, a wear coefficient is calibrated from experimental data
collected for a rail made from the pearlitic steel grade R260. The loading in the
test rig resulted in a highly conformal wheel–rail contact. The contact conditions
and the applied loading resulted in (numerically predicted) elastic shakedown (i.e.
no further net accumulation of plastic deformation) after only a few load cycles.
Therefore, plastic deformations were disregarded in the subsequent analysis. It
could be noted that the validity of the contact model (multi-Hertzian) employed
in the MBS simulations is somewhat questionable in the current case of conformal
contact. However, quantitatively good results, in terms of worn-off area and the
shape of the worn profile were obtained from the simulations, see Figure 3.1.
A similar procedure was adopted within the European project INNOTRACK (Ekberg
and Paulsson 2010) for the simulation of degradation of rail profiles in switches and
crossings, see (Johansson, P˚alsson, et al. 2011) for details.
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Figure 3.1: Example of a measured and simulated rail profile corresponding to test in a
linear full–scale test rig.
Paper C: Crack propagation in rails under Rolling Contact Fatigue load-
ing conditions based on material forces
In this paper, results from numerical simulations of RCF surface crack growth in an
idealized rail are presented. A rate independent propagation law, expressed in the
time domain, is proposed. The propagation law is integrated over a load cycle and
then extrapolated a large number of cycles. This procedure is repeated until the
predefined number of load cycles has been simulated. The propagation model has
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been used for parametric studies of crack propagation to investigate the influence
of key parameters such as loading and crack geometry. Results from these studies
suggest that anisotropic effects due to the plastically deformed surface layer may
need to be included in order to predict head check growth in rails accurately. In
particular regarding the prediction of crack curving.
Moreover, it is shown in the paper that the perpendicular component of the crack
driving force G⊥ is highly dependent on a modeling parameter (size of the region
where G is evaluated) for a RCF load case. As a consequence, two of the propagation
strategies adopted in Paper A must be discarded in simulations of RCF crack
growth. Furthermore, it is shown that the contribution to the crack driving force
from tractions along the crack faces is dependent on the computational mesh.
Paper D: Numerical prediction of the impact of wear on Rolling Contact
Fatigue crack growth in rails
In this paper, the impact of wear on crack growth under various loading conditions
is investigated by numerical simulations. Here, the effect of rail head wear is
included through crack truncation. Predicted net crack growth rates are presented
for different values of the dissipated contact energy Tγ. Further, the influence of a
number of parameters on the net crack growth rate is presented for different values
of the dissipated contact energy Tγ. Studied parameters include surface friction,
contact pressure, fluid pressurization of the crack faces and the wear coefficient.
From these studies it is concluded that the net growth rate is highly sensitive to all
the studied parameters. This highlights the need for accurate estimates of contact
forces and material parameters in order to quantitatively determine the impact wear
has on crack growth in rails.
Paper E: The effect of anisotropy on crack propagation in pearlitic rail
steel
At the rail surface, large plastic deformations accumulate under RCF loading.
This will induce anisotropy in the mechanical properties of the material such as
the resistance against crack growth. In this paper, the computational framework
presented in Paper C is extended to include this observed anisotropy in the fatigue
crack growth resistance. This is done through the introduction of an anisotropic
fatigue crack growth threshold, comparable with an anisotropic yield surface, which
is then used to study the effect of anisotropy on crack growth.
Results from the simulations show that the anisotropic layer, thickness as well as
the amount of the anisotropy, has a prominent influence on the crack path. In effect,
it determines what direction the crack will grow; up or down.
4 Practical use of the research
Much effort has been put into the development of a 2D FE model for simulation of crack
growth in rails under a wide range of loading conditions. In summary, prominent features
of the model include:
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• Arbitrary curving/kinking of the crack (planar crack propagation) with automatic
updating of the crack geometry.
• Crack truncation through rail head wear.
• An explicit model for crack closure (with possible extension to include crack face
friction).
• Simplified modeling of fluid pressurization of the crack faces as the wheel traverses
the rail.
• Inclusion of stresses due to rail bending induced by a passing boogie.
• Prescribed temperature loads and residual stresses may be accounted for.
• Anisotropic characteristics of the rail surface material are considered through the
use of an anisotropic fatigue crack growth resistance.
• Allows for the contact patch to be divided into stick–slip regions for more realistic
traction distribution.
• Different material models are supported, e.g. a plasticity model which incorporates
non-linear isotropic and kinematic hardening.
The developed model may, for example, be used (independently) for qualitative studies
of the following kind:
• The effect a change of rail material may have on crack propagation.
• The influence different degrees of anisotropy (from plastic deformations) have on
crack propagation.
These types of studies may provide support in regard to the probability of spalling, crack
arrest and transversal fracture. Furthermore, the developed model may be combined with
an MBS software to form a more versatile numerical framework. This may open up for
more quantitative studies such as:
• Simulation of the evolution of surface cracks in order to determine the number of
cycles before some alarm limit is reached, e.g. a critical crack depth.
• Investigate how changes in running and surface conditions such as: axle load;
velocity; surface roughness; etc. may affect the net crack growth rate.
Alternatively, the model may be used in combination with in–field traffic data for calibra-
tion of material parameters, e.g. the wear coefficient or the crack propagation law.
In summary, the developed model may have several applications with a common goal
to optimize maintenance and asset management. Furthermore, the use of the model may
lead to a better understanding of the physics behind the phenomenon RCF crack growth
in rails.
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5 Concluding remark and future work
This thesis is concerned with numerical simulation of the impact of wear on crack growth
in rails. To this end a versatile 2D FE model has been developed. The model is capable of
simulating crack growth and can account for crack truncation due to wear. The framework
for numerical simulation of crack growth is based on the concept of material forces. In
Paper A, three different strategies for planar crack propagation were developed for
simple load cases and it was shown that they produce almost identical crack paths and
are numerically robust.
In Paper C, growth of surface cracks in rails is studied. Here, a propagation law is
proposed where the focus is on the propagation direction and not the growth rate. For
the employed model to be applicable for quantitative simulation of crack growth, the
propagation model must be modified and calibrated against experimental data.
Large plastic deformations of the rail surface lead to anisotropy in the mechanical
properties of the rail material. This anisotropy may, in the current numerical framework,
be accounted for in different ways. One possibility is to introduce an anisotropic material
model which accounts for the development of plastic anisotropy with loading. This would
then (automatically) be reflected in the crack driving force. Promising material models
that take into account the development of plastic anisotropy of pearlitic steel are presented
in (Johansson, Menzel, et al. 2005; Johansson and Ekh 2006; Larijani, Johansson, et al.
2012).
Another approach is to introduce an anisotropic fatigue crack growth threshold such
that the resistance against crack growth is directional dependent. This approach is
adopted in Paper E where an anisotropic fatigue crack growth threshold is included in
order to study the effect of anisotropy on the crack propagation direction. It is shown that
the effect of anisotropy may have a large influence on the crack path and it is, therefore,
imperative to study this effect in more detail. Note also that this approach is more
computationally efficient than to adopt a more sophisticated material model. Generally
though, both approaches may need to be combined in order to accurately simulate the
growth of surface cracks in rails.
In Paper D, wear impact on crack growth in rails is studied through numerical
simulation of crack growth and wear and the evaluation of a net crack growth rate. From
parametric studies it is seen that the predicted net crack growth rate is highly sensitive
to the value of the wear coefficient (in Archards’ wear law). It is, therefore, important
to have accurate values for the wear coefficient or alternatively more sophisticated wear
models.
In relation to the modeling of wear, the determination of Archard’s wear coefficient
was in Paper B carried out for a case of conformal contact using multi–body dynamic
simulations featuring a multi–Hertzian contact model. It is known that the contact
pressure may deviate from a Hertzian distribution under certain contact conditions, e.g.
conformal contact, significant plastic deformation, presence of surface asperities etc., see
e.g. (Ayasse and Chollet 2005; Hannes and Alfredsson 2012). Thus, the modeling errors
associated with the multi–Hertzian contact model, for this kind of loading, are unknown
and must be investigated further.
Furthermore, the hardness of the rail surface increases due to plastic deformations;
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however, this hardened surface will eventually be worn away by natural or artificial
wear (grinding). How the process of wear influences the residual stress distribution and
consequently crack growth needs to be studied in more detail; although, the numerical
tool for these kind of studies are available within the developed FE model.
All cracks encountered in rails are 3D but they have in this thesis been studied through
idealized 2D models. It is still unclear how well the adopted 2D models correlate to the
real behaviour of the rails. To evaluate this, the 2D models need to be verified against 3D
models and experimental results. Some work has been conducted in these lines where the
magnitude of the 2D loads have been scaled in order to obtain comparable stress intensity
factors between 2D and 3D models, see (Tillberg 2010b). Furthermore, single cracks are
not observed in practice but rather a network of cracks which interact and may give rise
to shielding effects, (Tillberg et al. 2009). Therefore, the effect of multiple cracks should
be investigated further.
RCF and wear are relatively slow processes which may develop in the span of up
to several million load cycles. Due to the extensive computational efforts related to
simulations of such long-term processes, the development of efficient strategies for rail
profile updating under many load cycles is a further important research task. This is
particularly challenging if plasticity and ratcheting behavior are included in the material
model since the response is then highly nonlinear.
Finally, all simulations of crack propagation in this thesis have been restricted to elastic
material behavior. This is in many cases not fully realistic as there may often be plastic
deformations at the rail surface (although elastic shakedown may be reached). Inelastic
material behavior has not been included due to numerical issues with mesh dependent
results in the evaluation of the crack driving force. This appears to be a consequence of
the chosen formulation of the crack driving force. It is still unclear how an appropriate
crack driving force should be formulated which is numerically robust regardless of the
material model, physically sound and possible to calibrate against (available) test data.
The concept of material forces has taken us far in this regard and it may very well provide
(part of) the solution; however, further exploration is still needed.
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